Zeolite-like metal-organic frameworks (ZMOFs) can adsorb hydrogen and carbon dioxide because of their negatively charged structures, being able to be ion exchanged with metal cations to further increase the electrostatic field inside the framework cavities. Ion exchange of RhoZMOF with alkaline and alkaline-earth metal cations was performed up to stoichiometric levels with one single ion-exchange step. Screen effect caused by water-coordinated molecules around the exchanged cations hindered the hydrogen uptake, although slightly higher heats of hydrogen adsorption were observed for Na + , Li + , Mg 2+ and Ca 2+ exchanged samples. Conversely, the same exchange treatment produced a very interesting enhancement in CO 2 adsorption of RhoZMOF at 303 K. Moreover, because there are no water molecules surrounding the metallic cations, RhoZMOF material was exchanged with an Li + -crown-ether complex in the nitrobenzene/acetonitrile mixture, free of water. Nitrogen and hydrogen adsorption isotherms at 77 K showed higher specific surface area and hydrogen adsorption capacity than the material with hydrated cations. †
INTRODUCTION
Hydrogen storage is a key challenge in developing a hydrogen-based technology, which can substitute the use of fossil fuel. Storage alternatives to conventional pressurization at high pressures in expensive composite-based vessels or cryo-liquefaction at 20 K are being developed based on physical adsorption on porous materials and on chemical storage as metal hydrides (Eberle et al. 2009 ). Hydrogen adsorption on well-known porous materials such as carbons and aluminosilicates is limited owing to their very weak interactions with hydrogen [typically between 2 and 5 kJ/mol but can be increased to 4-8 kJ/mol (Thomas 2007) ], so that quite low capacities are usually achieved even under cryogenic operation conditions. In contrast, metal hydrides have the disadvantage of their high weight and very strong interactions with hydrogen, involving important heat transfer and kinetic limitations.
The U.S. Department of Energy (DOE) targets for on-board hydrogen storage system for transportation in 2017 are the following (DOE 2011): a gravimetric capacity of 5.5% (weight basis) of H 2 and a volumetric capacity of 40 g/l (-40 to -60 °C, maximum pressure of 100 atm).
Extensive efforts are in progress to develop a new class of physisorption-based materials able to improve hydrogen storage. In fact, to reach H 2 storage DOE targets, it has been estimated that a sorption-based storage system would need H 2 adsorbent-binding energies in the range of 15-20 kJ/mol (Ma and Zhou 2010; Park and Suh 2012) . In this sense, metal-organic framework (MOF) materials are interesting adsorption candidates because of their high surface areas, pore volumes, low densities, and especially, because of their extraordinary structural versatility, which tunes their organic and metallic moieties to modulate specific H 2 /MOF interaction forces (Zhao et al. 2008) . One of the approaches to increase the current hydrogen-binding energy is the creation of a strong electrostatic field within the MOF cavities based on the existence of positive-or negative-charged species on the surface of the material that can be ion exchanged by selected metal ions (Park and Suh 2012) .
Thus, zeolite-like metal-organic framework (ZMOF) materials, with RHO and SOD topologies, are porous MOFs formed by negatively charged structures that grow around positively charged organic templates, which also act as charge compensation agents and make them ion exchangeable (Liu et al. 2006; Nouar et al. 2009 ). It is known that metal cations create strong electric fields inside the cavities that are supposed to favour the gas adsorption (Li and Yang 2006 ZMOF ion-exchange procedure has been carried out using metallic cations in ethanol-water mixtures or pure methanol solvents (Nouar et al. 2009; Calleja et al. 2010; Chen et al. 2011 ), observing a low influence of the exchanged cation extension on the resulting H 2 adsorption. This was due to the water-coordinated molecules that were acting as a screen barrier for hydrogen molecules that cannot directly interact with the metallic cations. However, in some of the previous works, ion-exchange in RhoZMOF was carried out in two steps with Li + and Mg 2+ ; besides, hydrogen adsorption was tested only at low coverage (Nouar et al. 2009 ). Other research works did not report on the effect of fully exchanged SodZMOF structures due to the low solubility of the cation salts in pure methanol solution (Calleja et al. 2010; Chen et al. 2011) .
In this work, the influence of the ion-exchange treatment for the RhoZMOF structure, using different alkaline and alkaline-earth cations, has been studied over their hydrogen and CO 2 adsorption properties. In addition, a novel approach was applied exchanging an organo-metallic compound, Li-crown-ether complex, in a water-free media. Finally, the obtained materials were tested in H 2 and CO 2 adsorption to study the influence of these exchanges on their gas-capture properties.
MATERIALS AND METHODS

Synthesis
RhoZMOF material was prepared by following the procedure published by Eddaoudi's group (Nouar et al. 2009 ) and scaling it up according to the procedure developed by our group (Calleja et al. 2010) . The ion exchange of DMA + with metallic cations (Me) was carried out as follows: RhoZMOF crystals previously washed with ethanol/water mixture were suspended in the corresponding metallic cation nitrate solution (0.1-1 M) in ethanol/water mixture with an Me-to-In ratio in the range of 10-60:1, for a contact time of 1-72 hours. Then, the crystals were washed again with the same solvent mixture seven consecutive times in order to remove all the remaining non-compensating cations, and finally washed repeatedly with acetonitrile for 3 days-after the solvent was decanted and freshly renewed three times. Materials were named as Me-RhoZMOF, where Me refers to the metal exchanged. The Li-crown-ether complex (Li-Crw) preparation was carried out by adding LiClO 4 and 18C6-crown-ether in an equivolumetric mixture of acetonitrile and nitrobenzene, both anhydrous (Irandoust et al. 2011) . Finally, the ion-exchange of RhoZMOF with Li-Crw was carried out in a dry box by following the same procedure described above, but with a metallic cation solution of 0.1 M and an Li:In ratio of 10:1 for 6 hours (all reactants and solvents from Aldrich or Fluka).
Characterization Techniques
Powder X-ray diffraction (PXRD) patterns were obtained on a Philips XPERT PRO using CuK a (λ = 1.542 Å) radiation. Scanning electron microscopy (SEM) images and micro-elemental analysis (EDS) were obtained on a Philips XL-30 ESEM operated at 200 kV. N 2 adsorption isotherms were measured at 77 K on an Autosorb equipment (Quantachrome Instruments). Previously, 0.02-0.04 g of the sample was in situ evacuated under high vacuum for 18 hours, either at 90 °C (RhoZMOF) or at 40 °C (ion-exchanged RhoZMOF). The micropore surface area and pore volume values were calculated by the Brunauer-Emmett-Teller (BET) and non-local density functional theory (DFT) (considering a kernel model of cylindrical-sphere pores of silica at 77 K), respectively.
The metal content of the samples was identified by inductively coupled plasma atomic emission spectroscopy (ICP-AES; Varian Vista AX CD System) by analyzing the ion-exchanged materials. For this, 1 mg of the dried material was dissolved in 5 ml of 65% nitric acid and diluted in 25 ml of water.
Nuclear magnetic resonance (NMR) spectra for liquid samples were recorded on a Varian Mercury 400 MHz spectrometer. Chemical shifts were reported in parts per million (ppm), with reference to the residual proton signals from CDCl 3 . Solid-state 1 H-MAS NMR experiments were performed on a Varian Infinity 400 MHz spectrometer operating at 399.75 MHz in a nominal field of 9.395 T, using a probe with a 4-mm coil spinning at 8 kHz. A single pulse sequence was used to obtain corrected 1 H signal. The spectra were taken after π/2 pulse excitations (2 µs), and the interval between successive accumulations (1 seconds) was chosen to avoid saturation effects. Fourier transform-infrared spectra (FT-IR) were recorded for powder samples in a Mattson Infinity Series spectrophotometer with a coupled catalytic chamber and a resolution of 4 cm -1 .
Adsorption isotherms of H 2 at 77 and 87 K and CO 2 at 303 K were obtained for these materials on a Hiden Analytical Intelligent Gravimetric Analyzer equipped with an ultra-high vacuum system. The microbalance showed a long-term stability of ±1 mg with a weight resolution of 0.2 mg. The approach to equilibrium was measured real time using a computer algorithm. The pressure was monitored by a transducer in a standard range of 0-10 bar.
RESULTS AND DISCUSSION
Alkaline and Alkaline-Earth Ion-Exchange of RhoZMOF
After the synthesis of RhoZMOF material, an ion-exchange procedure was performed in order to reach the highest purity and ion-exchange extension, keeping the RhoZMOF phase intact, in accordance with a previous deep study of optimization (Calleja et al. 2012) . It is important to note that all of the materials were washed in ethanol-water mixture before performing the ionexchange treatment, so that the pure starting material was similar in all cases. The purity and the ion-exchange degree of the resulting materials were analyzed using PXRD, shown in Figure 1 , and ICP-AES characterization techniques, respectively. The ion-exchange conditions used for each cation are shown in Table 1 (Calleja et al. 2012) . The differences in ion-exchange extension obtained for monovalent-compensated materials, with the lowest for Li-containing materials, could be related to the larger hydrated Li + size (7.6 Å Li + versus smaller 7.2 Å Na + and 6.6 Å K + for the first hydration sphere, as can be observed in Table 2 ), which also agrees with the results found by Li et al. for divalent-metal ion-exchanged zeolites (Li et al. 2009 ). Taking into account that the MOF windows have 7.0 Å (Liu et al. 2006) , the free diffusion of Na + and K + would not be limited, so that their equilibrium compositions would not depend on concentration, as observed. Divalent alkaline-earth cations exhibit a completely different behaviour compared with alkaline cations, in which the ZMOF structure was lost after a few hours of treatment. For Ca 2+ and Mg 2+ exchanged materials, the contact time for 100% ion exchange was 2 hours, and for Sr 2+ only a shorter treatment was needed to avoid damaging the ZMOF structure. In general, the larger hydrated cation size for divalent metals respect to the monovalent ones (Table 2 ) makes the inter-diffusion of DMA + and the metal ion more difficult, and in the limit, the structure itself can collapse. Besides, the different stoichiometry in the divalent ion-exchange, and the different kinetic behaviour expected, due to the larger size of the hydrated divalent cations, would also make the comparison more difficult.
SEM images shown in Figure 2 were collected for exchanged RhoZMOF materials with Li + , Na + , Mg 2+ and Ca 2+ cations. Alkaline-exchanged RhoZMOF crystals exhibit an intact appearance. However, alkaline-earth-exchanged crystals show an evident surface cracking that eventually produces a crystal break down into smaller particles. This phenomenon could be related to some steric hindrances that come from the larger hydrated cation size of divalent metals commented above.
FT-IR spectra of alkaline-exchanged and non-exchanged materials are shown in Figure 3 . In RhoZMOF material spectrum, the band located at 1620 cm -1 , corresponding to N-C bonds from DMA + SDA, decreases drastically after ion exchange, indicating DMA + substitution for the metallic cations. Besides, water band at approximately 3500 cm -1 is observable for all materials, which increases with respect to the hydration degree for each cation. For this analysis, materials were treated in the same evacuation conditions and spectrometry was applied in situ in a catalytic chamber, increasing the impossibility of completely removing the water molecules in spite of the final washing with anhydrous acetonitrile. This is related to the decrease of the adsorption energy of water on metal ions when the radius of the metal cation increases, as described by Nalaparaju et al. (2009) . Figure 4 shows the N 2 adsorption-desorption isotherms at 77 K of alkaline-exchanged RhoZMOF materials and Table 3 summarizes the textural properties calculated for all materials. As observed, surface area and pore volume of Li-RhoZMOF and Mg-RhoZMOF are higher than for the other materials, but potassium and calcium exchanges produce materials with poorer specific surface areas. This general decrease for exchanged materials cannot be only explained by a weight increase in the MOF structure due to the presence of the cations; it is probably a result of several contributions such as weight, size, electronic charge and hydration capability of the cation (Li et al. 2009 ) and therefore evacuation ability. On the other hand, the increase of micropore volume of Li-RhoZMOF compared with the non-exchanged material can be explained by the presence of additional porosity in the micropore region probably due to the resulting smaller free space produced by the hydrated Li cations now present within the cavities of the material.
Pore volumes were calculated by the non-local DFT. For this last method, a kernel model of cylindrical-sphere pores of silica at 77 K was used, assuming a reasonably good fitting for these RhoZMOF frameworks in spite of the difference in chemical nature with the reference silica material. This assumption can be made when the pore geometry assumed in the DFT method matches the pore geometry in the experimental sample, even though there is no perfect agreement between the strength of assumed adsorptive/adsorbent interactions and the real/experimental system (Moellmer et al. 2010) .
Regarding pore-size distribution, Figure 5 shows the results obtained for RhoZMOF and Li-RhoZMOF. According to the previous comments, the ion exchange with lithium produces the appearance of new micropores in the smaller micropore region (approximately 10 Å ′ ), which would result from the partial occupancy of the ZMOF cavities by the alkaline cation. This effect can be also seen for Na + -exchanged and, in a less extent, for K + -exchanged materials (data not shown). Finally, hydrogen adsorption isotherms at 77 and 87 K were recorded for each exchanged material. Figure 6 shows H 2 adsorption isotherms at 77 K for alkaline-metal-exchanged RhoZMOF materials. Although Li-RhoZMOF has larger textural properties than the nonexchanged RhoZMOF, it adsorbs similar amount of hydrogen per indium atom. While, in principle, a larger hydrogen uptake at 77 K could be expected for Li-and Mg-RhoZMOF materials, a slightly higher BET specific surface area and micropore volume do not necessarily mean a higher hydrogen adsorption (Hirscher et al. 2010) . These results suggest that in exchanged materials aqueous-metallic complexes are not able to provide new hydrogen adsorption sites. This phenomenon becomes more evident when a larger cation is compensating the charge of the structure, but in this case the adsorption capacity is even reduced because of the decrease in surface area. These results suggest pore filling and screening effects produced by the water molecules surrounding the compensating cations. Figure 7 presents the H 2 adsorption isotherms at 77 K for alkaline-earth-exchanged materials. In this case, the screening effect becomes stronger due to the higher hydration degree in divalent cations, as explained before. Thus, the trend observed in hydrogen adsorption capacity is also explained by both textural properties and the presence of water molecules in these materials. The isosteric heats of hydrogen adsorption (Q st ; Table 3) were also calculated at 0.2 wt% coverage from both excess isotherms at 77 and 87 K, using Clausius-Clapeyron equation. Similar values were found for Li-and Na-exchanged materials (8.8 and 9.1 kJ/mol, respectively), slightly higher than the non-exchanged RhoZMOF value (8.4 kJ/mol) and being drastically reduced for K-RhoZMOF (4.1 kJ/mol). The small differences in the first case are probably due to a similar screening effect produced by the sphere of water molecules surrounding the compensating cations, thus hindering the expected direct interactions (H 2 -Me). The much lower value of Q st for the potassium-exchanged material is probably due to the decreased charge density of this cation. In the case of divalent compensated materials, a similar behaviour was observed, as the smaller the cation, the stronger the interaction with hydrogen molecules, giving a similar heat of adsorption for the pairs Li-Na and Mg-Ca-exchanged materials.
In addition, CO 2 adsorption isotherms, shown in Figure 8 , were collected at 303 K for some of the materials studied. As observed, Na + -exchanged RhoZMOF (84% ion-exchange extension) adsorbs 80 mg/g of CO 2 at 303 K and 1 bar, a value that is much higher than 50 mg/g for non-exchanged RhoZMOF material or the value reported by Chen et al. at 298 K (51 mg/g) (Chen et al. 2011) . Besides, these results are surprisingly higher than those obtained for materials with much better textural properties like IRMOF-1 (47 mg/g) or the amino-functionalized IRMOF-3 (54 mg/g) (Millward and Yaghi 2005) . These results suggest that even if cations are hydrated, CO 2 adsorption can be enhanced due to the electrostatic field induced inside the cavities of ion-exchanged MOF materials (Zukal et al. 2009 ). 
Complexed Lithium with Crown-Ether Ion-Exchange
Because of the important limitation produced by the water molecules present in the exchanging media that reduce the H 2 -MOF interactions, a complete removal of water was attempted. Thus, a first-attempt RhoZMOF ion exchange with an organo-metallic crown-ether complex was carried out using a nitrobenzene/acetonitrile mixture free of water. This type of ethers can strongly bind certain cations, forming stable complexes, like the crown-ether (containing six oxygen atoms) forming an Li complex, which was selected for the experimental study (Figure 9 ). In this case the oxygen atoms coordinate with the central Li cation, preventing water molecules from reaching the cation by forming a complete hydrophobic ring. Figure 10 shows the PXRD patterns of the lithium-exchanged materials, both complexed and hydrated, confirming the stability of the desired phase after the new exchanging treatment. The lowest-angle diffraction peaks are less intense and could indicate the presence of bigger molecules inside the cavities of the material. Ion-exchange extension reached in this case was 19% (obtained using ICP-AES). It is worth noting the high flexibility of this kind of bulky 18C6-crown-ether (Cooper et al. 2011) , which could explain its diffusion through the slightly narrower windows of the cavities in RhoZMOF structure. Looking at the textural properties of this new material (S BET : 846 m 2 /g; V p : 0.40 cm 3 /g), it appears that it has the highest surface area among all the ZMOFs studied, suggesting that in spite of having a bulky molecule that reduces the free pore volume inside the cavities, it provides new active sites for adsorbing the gas molecules. In order to confirm the successful exchange process, a 1 H-MAS NMR analysis was performed for the solution containing the complex alone, the RhoZMOF material, the Li-exchanged RhoZMOF in ethanol/water mixture and the complex-exchanged RhoZMOF (Figure 11) . The presence of a band around 3.3 ppm corresponding to the CH 2 group of the crown-ether complex in the Li-Crw-RhoZMOF material further indicates that the ether ring was compensating the charge of the MOF structure, confirming a successful ion-exchange process. Figure 12 shows the hydrogen adsorption isotherms collected at 77 and 273 K for Li-Crw-RhoZMOF, Li-RhoZMOF and RhoZMOF materials, for comparison purposes. At 77 K and 20 bar, the complex-exchanged material is better than the non-exchanged RhoZMOF, with a 7.1% higher adsorption capacity (molar basis). At 273 K, a dramatic enhancement was observed for Li-exchanged materials, especially for Li complex-based sample, which exceeds the former adsorption capacity of RhoZMOF by 271%. This result can be attributed to the fact that water molecules no longer fill the free space within the cavities, surrounding Li + cations, but instead the organic components of the Li + -crown complexes provide new adsorption sites for H 2 molecules, as previously observed (Park and Suh 2012) . This is probably the dominating effect rather than a difference in adsorption heat which is, in practice, quite small (8.8 kJ/mol for Li complex and 8.7 kJ/mol for Li aqueous-containing materials).
CONCLUSIONS
RhoZMOF material was successfully ion exchanged with different alkaline and alkaline-earth cations under optimal conditions up to near stoichiometric values. The influence of this aqueous ion-exchange treatment on the hydrogen and carbon dioxide adsorption properties of the material was demonstrated, showing that H 2 adsorption capacity decreases with the size of the metallic cation and increases with the ionic charge of the cation in RhoZMOF-exchanged materials. Although H 2 adsorption capacity at 77 K was practically not enhanced for RhoZMOF materials exchanged in the mixture ethanol/water, a difference in the isosteric heat of adsorption was observed. CO 2 adsorption capacity of ion-exchanged RhoZMOFs widely overcomes that of the non-exchanged material. Avoiding the negative screening effect of water molecules over the hydrogen adsorption properties for the exchanged material, an Li-crown-ether complex exchange was performed in water-free conditions on RhoZMOF in acetonitrile/nitrobenzene mixture, attaining 19% of ion-exchange extension. The H 2 adsorption capacity of Li-Crw-RhoZMOF significantly exceeded the original capacity of non-exchanged RhoZMOF, particularly at room temperature. This interesting result opens a new route for enhancing hydrogen retention properties of MOF materials for industrial applications.
